Here we characterize the interaction between the glycoproteins (Gn and Gc) and the ribonucleoprotein (RNP) of Puumala virus (PUUV; genus Hantavirus, family Bunyaviridae). The interaction was initially established with native proteins by co-immunoprecipitating PUUV nucleocapsid (N) protein with the glycoprotein complex. Mapping of the interaction sites revealed that the N protein has multiple binding sites in the cytoplasmic tail (CT) of Gn and is also able to bind to the predicted CT of Gc. The importance of Gn-and Gc-CTs to the recognition of RNP was further verified in pull-down assays using soluble peptides with binding capacity to both recombinant N protein and the RNPs of PUUV and Tula virus. Additionally, the N protein of PUUV was demonstrated to interact with peptides of Gn and Gc from a variety of hantavirus species, suggesting a conserved RNP-recognition mechanism within the genus. Based on these and our previous results, we suggest that the complete hetero-oligomeric (Gn-Gc) 4 spike complex of hantaviruses mediates the packaging of RNP into virions.
INTRODUCTION
Hantaviruses comprise a rodent-and insectivore-borne genus in the family Bunyaviridae (Schmaljohn & Hjelle, 1997; Vaheri et al., 2008) . Bunyaviruses, presently classified in five genera (Hanta-, Orthobunya-, Nairo-, Phlebo-and Tospovirus), are enveloped, single-stranded RNA viruses with a trisegmented genome of a negative-sense coding strategy (Elliott et al., 2000; Nichol et al., 2005; Schmaljohn & Hjelle, 1997) . The three genome segments [small (S), middle (M) and large (L)] encode the nucleocapsid (N) protein, envelope proteins (Gn and Gc) and RNAdependent RNA polymerase (L protein) (Elliott, 1997; Plyusnin & Morzunov, 2001) . Unlike other members of the family Bunyaviridae that utilize arthropod vectors, hantaviruses have co-evolved with, and are maintained by, different rodent and insectivore species (Heyman et al., 2009; Klempa, 2009; Vaheri et al., 2008; Vapalahti et al., 2003) . Whilst rather benign to the carrier rodents, the transmission of hantaviruses to man is known to cause haemorrhagic fever with renal syndrome (HFRS) in Eurasia and hantavirus cardiopulmonary syndrome (HCPS) in the Americas (Klempa, 2009; Mertz et al., 2006; Nichol et al., 2005; Pini, 2004; Schonrich et al., 2008; Vaheri et al., 2008; Vapalahti et al., 2003) . Enveloped hantavirus particles are described as pleiomorphic or spherical, measuring 80-120 or 120-160 nm in diameter depending on the method of analysis (Huiskonen et al., 2010; Martin et al., 1985; Nichol et al., 2005) . The lipid bilayer of the virion encloses the ribonucleoprotein (RNP) in which the genomic RNA segments are encapsidated, possibly as closed circles organized in helical structures with trimers of N protein (Alminaite et al., 2008; Kaukinen et al., 2005; Plyusnin et al., 1996; Wang et al., 2008) . Glycoproteins Gn and Gc assemble in virions as extrusions called spikes and arrange to form an unusual fourfold grid-like surface symmetry Huiskonen et al., 2010; Martin et al., 1985) . By transmembrane prediction, both hantavirus glycoproteins contain a cytoplasmic tail (CT); the one in Gn is approximately 110 residues and the one in Gc approximately 10 residues. The CT of Gn harbours a tandem zinc-finger (ZF) fold, the structure of which was recently resolved by nuclear magnetic resonance (Estrada et al., 2009 proteins are mediated by a matrix protein (Flint et al., 2000) . However, members of the family Bunyaviridae (Nichol et al., 2005) and genus Alphavirus (Weaver et al., 2005) are devoid of a matrix protein. By analogy to alphaviruses, the envelope glycoproteins of hantaviruses are likely to operate as a surrogate matrix that organizes the interactions between the envelope and the nucleocapsid. Within members of the family Bunyaviridae, the Gn-CT is required for binding to RNP in members of the genus Phlebovirus (Overby et al., 2007b) , and the CTs of both Gn and Gc of tospoviruses interact with the N protein (Ribeiro et al., 2009; Snippe et al., 2007) . The nucleocapsid interaction of SFV is mediated by the cytoplasmic domain of the E2 glycoprotein (Metsikko & Garoff, 1990; Vaux et al., 1988) . Furthermore, the interaction between the SFV nucleocapsid and the E2 spike protein prefers oligomers of the E2 cytoplasmic domain (Metsikko & Garoff, 1990) . The spike complex of SFV is formed of three E1-E2 heterodimers (Venien-Bryan & Fuller, 1994; Vogel et al., 1986) and the hetero-oligomerization of E1 and E2 appears crucial for the binding of nucleocapsid to the full-length glycoproteins (Barth & Garoff, 1997) . Electron cryotomography of Tula virus (TULV) recently revealed that the hantavirus RNP associates with the viral envelope (Huiskonen et al., 2010) , suggesting that a direct interaction between the RNP and the spike complex also exists in hantavirus virions.
In this report, we identify and characterize the hantavirus N-glycoprotein interaction by using well-characterized neutralizing monoclonal antibodies (mAbs) capable of co-immunoprecipitating Gn and Gc, and with membranebound peptides as an oligomeric mimicry of the cytoplasmic protein-ligand interphase. Altogether, our results show that the cytoplasmic domains of the envelope glycoproteins Gn and Gc of hantavirus are essential for binding RNP.
RESULTS

Co-immunoprecipitation (co-IP) of the N protein with glycoprotein-specific neutralizing mAbs
We chose to use co-IP in order to establish the glycoprotein and nucleocapsid interaction, and used concentrated virus preparation for this analysis. Co-IPs of the N protein and glycoproteins were first performed from radiolabelled Puumala virus (PUUV) lysate. As shown in Fig. 1(a) , neutralizing glycoprotein-specific mAbs to Gn (5A2) and Gc (4G2) were found in co-IP to pull down the N protein along with the previously described Gn-Gc complex . The N protein-specific mAb (5E1) precipitated high-molecular-mass complexes that represent SDS-stable glycoprotein oligomers, recently described to mostly contain Gn protein . The presence of N protein in the precipitates of Gn-and Gc-specific mAbs was verified by immunoblotting with N protein-specific antiserum (Fig. 1b) . These immunoblots revealed double bands, presumably due to susceptibility of the N protein to proteolysis, as described previously . As both PUUVneutralizing mAbs were able to co-immunoprecipitate N protein from PUUV extracts and because these mAbs coimmunoprecipitate both Gn and Gc from freshly prepared PUUV lysate, it is likely that the hetero-oligomeric Gn-Gc complex also mediates the interaction with N protein.
Mapping of N protein-binding sites in the Gn-CT
After establishing the interaction between the glycoproteins and the RNP, we fine-mapped the interaction sites by SPOT peptide array (Frank, 2002) . In virus extracts prepared with detergent, the N protein exists as an RNP . Therefore, we compared the binding of N protein, either derived from lysates of purified virions or produced via recombinant baculovirus expression (bacN), to Gn-CT peptides. A cellulose membrane with 33 overlapping 16-residue peptides representing the Gn-CT of PUUV was overlaid with PUUV lysate and the binding of N protein was detected with the N-specific mAb 5E1. The binding sites of PUUV bacN were instead mapped using 32 overlapping 18- residue peptides. The result shown in Fig. 2(a) indicates that N proteins from the two sources share binding regions in Gn-CT. Because of the globularity of its tandem ZF fold (Estrada et al., 2009) , these N protein-binding sites are probably located close by in the tertiary structure of the Gn-CT, thus forming a discontinuous binding domain for the N protein.
PUUV N binds to Gn-and Gc-CT peptides of different hantaviruses Antibodies against the N protein cross-react between different hantavirus species (Kaukinen et al., 2005) and reassorting of all hantavirus gene segments can occur in coinfection between two different viruses in nature (Razzauti et al., 2009; Rodriguez et al., 1998) . Furthermore, the M segments have been shown to reassort upon cell-culture gene transfections (Plyusnin et al., 2002) . Therefore, we studied whether the PUUV bacN and RNP are able to recognize Gn-CT peptides of different hantavirus strains. We compared the binding of PUUV N protein to Gn-CTs of HFRS-causing (PUUV), apathogenic [TULV and Prospect Hill virus (PHV)] and HCPS-associated [New York virus (NYV)] hantaviruses. The results (Fig. 2b-d) indicate that the PUUV N protein is able to interact with peptides from Gn-CT of all selected hantaviruses. Furthermore, the binding sites were mapped to practically the same regions, reacting at varying intensities. This suggested that hantavirus N-protein recognition is conserved, and is possibly functionally interchangeable. In addition, in the SPOT assay, PUUV bacN was able to bind Gc-CTs of HFRS-causing (PUUV, Hantaan virus), apathogenic (TULV and PHV) and HCPS-associated (Laguna Negra virus, Andes virus, NYV, Sin Nombre virus and El Moro Canyon virus) hantaviruses ( Fig. 2e ; Supplementary  Fig. S1 , available in JGV Online). The SPOT peptide array results are well in line with the co-IP results ( Fig. 1 ) and, together, they suggest that the Gn-Gc complex provides a binding site for RNP, most likely via the N protein (Fig. 2) .
Fine mapping and critical residues in glycoprotein-N interaction sites
To pinpoint the amino acid residues critical to the glycoprotein-N interaction, we selected peptides from different interaction sites to be analysed by residue-byresidue alanine scanning and N-and C-terminal deletions. The interaction assay was performed using either PUUV bacN ( Fig. 3a- the binding of the N protein in PUUV (Fig. 3d ). As summarized in Fig. 4 , the two N protein-binding sites adjacent to the ZF in Gn-CT were identified by fine mapping to contain two sub-binding sites each. The binding site at the N terminus of the ZF domain was labelled binding site 1 and contains sub-binding sites A (CSKYNTDSKF) and B (RILVEKVK). Binding site 2, at the C terminus of the ZF domain, also contains sub-binding sites A (KLTSRF) and B (QENLKKS). Alanine scanning of binding site 3 (SLFRYRS) at the very C terminus showed that all residues except for the leucine and phenylalanine contribute to N protein binding.
Binding of PUUV and TULV N proteins to soluble PUUV CT peptides
To compare the ability of CT peptides to bind PUUV and TULV N proteins, we initially employed a peptide pull-down assay using rabbit reticulolysate-expressed, radiolabelled N proteins. The predicted Gn-and Gc-CTs of PUUV together with shorter peptides Gn N , Gn M and Gn C , representing the binding sites identified by using the SPOT assay (Fig. 2a) , were synthesized. The sequences of the peptides from Gn are shown in Fig. 4 . The biotinylated Gn N , Gn M , Gn C and Gc-CT (sequence: CPRRPSYKKDHKP) peptides were coupled at saturating levels to avidin beads, and the Gn-CT through free thiols to thiopropyl beads. Avidin beads devoid of biotinylated ligand and thiopropyl beads coupled with glutathione, respectively, were used as controls for unspecific binding. All peptides studied bound PUUV N (Fig. 5) , a result in accordance with the SPOT peptide array results (Fig. 2) . However, the binding efficiency of different biotinylated peptides varied, increasing in the order Gn N ,Gn M ,Gc-CT,Gn C . The binding efficiency of thiol-coupled Gn-CT cannot be compared directly with those of the biotinylated peptides, due to the different method of peptide immobilization. Similar results were obtained with the TULV N protein, thereby supporting the possibility of reassortant formation. In conclusion, these results suggested that the different binding sites contribute to the overall N-protein interaction, possibly in concert either by a shared mechanism or through independent mechanisms.
Our results had shown that the peptides from glycoprotein CTs bind recombinant N protein and also interact with the RNP (Fig. 2 ). Therefore, we tested the capacity of these peptides to pull down the RNP isolated from virion lysates of either PUUV or TULV. As in the case of in vitrotranslated N proteins, the Gn-CT of PUUV bound the RNPs of both PUUV and TULV (Fig. 5) . The shorter Fig. 2 (amino acids are calculated from the glycoprotein precursor). The peptides were (as in Fig. 2 ) probed with the PUUV bacN (a-d) and PUUV RNP (e). Individual residues were mapped by 87 alanine replacements to representative 18-residue (a-d) or 15-residue (e) peptides. The resulting binding intensity of a peptide was numerated from SPOT intensities with a ChemiDoc-XRS (Bio-Rad). The graphs above the SPOT arrays relate each SPOT reactivity (on the y-axis) to residue-by-residue change (on the x-axis). The reactivity of the respective parent SPOT peptide was set to 100 %. The bars in the histograms show the binding intensity of alaninereplacement peptides and the scattered lines show the intensity of residue-by-residue N-or C-terminal deletion (13-/18-residue), which are read either starting from the chart mark (N-terminal deletions) or up to the chart mark (C-terminal deletions).
peptides of Gn-CT (Gn N , Gn M and Gn C ) were also able to mediate the binding of PUUV RNP. The relative binding intensity of the Gn-derived peptides to RNP was Gn M ,Gn N 5Gn C , being rather different from the binding intensity of in vitro-translated N protein. In contrast to the binding of in vitro-translated TULV N, the binding of Gn M to the RNP of TULV was undetectable in this assay. This inconsistency obtained using N protein from different sources is in line with the SPOT assay results (Fig. 2a-d) , where weak (if any) RNP binding, but reasonable bacN reactivity, to this fairly conserved Gn M peptide was seen.
Taken together, the binding of PUUV and TULV RNPs to PUUV-derived Gn-CT peptides was found to be very similar. The PUUV Gc-CT also reacted with the PUUV RNP, but the binding to TULV RNP was not tested in the pull-down assay.
Inhibition of glycoprotein-RNP interaction by peptides from glycoprotein CTs
We were finally interested to see whether the RNP-binding peptides could interfere with the glycoprotein-RNP interaction. Co-IP of glycoproteins and RNP from radiolabelled PUUV lysate was performed using either Gn-specific mAb 5A2 or Gc-specific mAb 4G2 in the presence of Gn-CT or Gc-CT peptides, respectively. The full-length Gn-CT was able to block the interaction between RNP and glycoproteins, as seen at 30 mg ml 21 (Fig. 6 ). This result demonstrates the involvement of Gn-CT in the interaction between Gn and N protein. The short Gn M peptide was selected as a control, as this peptide showed only moderate binding to RNP (Fig. 5) . As shown in Fig. 6 , the full-length Gc-CT was unable to block the interaction between glycoproteins and N protein. Also, we did not observe any interference with the glycoprotein-RNP interaction by the shorter Gn-CT-derived peptides Gn N and Gn C (data not shown). Together, this indicates that the complete Gn-CT forms a multivalent interaction surface for the binding of RNP.
DISCUSSION
In members of the family Bunyaviridae, the segmented, tripartite genome is packaged by the N protein to form a helical RNP structure (Eifan & Elliott, 2009 ). In the case of hantaviruses, it is assumed that the large cytoplasmic/ intraviral domain of Gn (Gn-CT) mediates the interaction between the RNP and the envelope; in this report, we have Fig. 4 . Summary of PUUV N protein-and RNP-binding sites in Gn-CT. Three binding sites were identified for the N protein by alanine-scanning and deletion analyses and, of these, sites 1 and 2 were found to contain sub-binding sites A and B. Residues critical to the interaction are highlighted in black and conserved functionality between strains is highlighted in light grey (Arg : Lys, Asp : Glu and Ser : Thr). The PUUV Gn-CT peptides used in further N-binding studies were CT (cytoplasmic tail; Gn aa 526-637), Gn N (amino-terminal binding site; Gn aa 541-558), Gn M (middle-part binding site; Gn aa 594-613) and Gn C (carboxyl-terminal binding site; Gn aa 619-637). Amino acid sequences of these synthetic peptides are depicted. The peptide analyses are shown in a sequence alignment of nine hantavirus strains; abbreviations are as in the legend to Fig. 2 . Fig. 5 . Pull-down of PUUV and TULV N proteins and RNPs with PUUV glycoprotein CTs. In vitro-translated and radiolabelled N proteins or purified RNPs of PUUV and TULV were precipitated with bead-immobilized Gn-or Gc-CT peptides. The Gn-CT peptide encompassing aa 526-637 in the PUUV glycoprotein precursor was immobilized to thiopropyl beads through free thiols. Biotin-conjugated peptides Gc-CT (aa 1135-1148 of the glycoprotein precursor) and Gn N , Gn M and Gn C (representing N protein-binding sites 1, 2 and 3, respectively; see Fig. 4 ) were immobilized via biotin to monomeric avidin beads at saturating levels. Thiopropyl beads coupled with glutathione or empty avidin beads were used as controls, respectively. The peptide-bound proteins were separated by SDS-PAGE (10 % gel) and detected by autoradiography (in vitro-translated N) or immunoblotting using rabbit antiserum to PUUV N protein (RNP). characterized this crucial interaction for the first time. The hantavirus glycoprotein-RNP interaction was verified by co-IP and mapped by SPOT peptide scanning to the amino acid level. The mapping results and previous findings lead us to propose a model in which both Gn and Gc, by their cytoplasmic tails, mediate binding to the RNP. Additionally, our data suggest that the N protein of PUUV interacts with Gn-and Gc-CTs of several hantavirus types, thus in theory enabling generation of reassortants via CT recognition of closely related viruses (Plyusnin et al., 2002; Razzauti et al., 2009 ).
For a full infectious cycle of a virus, one of the most critical steps after entering the host cell and reproduction of progeny genomes is the egress of newly synthesized virions bearing the genetic material. Several enveloped viruses encode a matrix protein that bridges between the nucleocapsid and the viral envelope by interacting with both RNP or capsid and the membrane protein(s). To mediate the packaging of viral RNA, an enveloped virus that lacks a matrix protein instead requires a direct interaction between the intraviral domains of the envelope-embedded glycoproteins and the RNP. The most thoroughly characterized examples of this type of direct glycoprotein-RNP interaction have been described for the families Coronaviridae, Flaviviridae and Togaviridae (Lo et al., 1996; Narayanan et al., 2000; Sturman et al., 1980) and, while this is the first report of glycoprotein-RNP interaction for a virus in the genus Hantavirus, it has already been reported for other members of the family Bunyaviridae (Liu et al., 2008; Overby et al., 2007a; Ribeiro et al., 2009; Snippe et al., 2007) . In addition, this interaction has recently been identified with the TULV Gn-CT and N protein using recombinant proteins (Wang et al., 2010) . The homo-oligomerization of the hantavirus N protein (Kaukinen et al., 2005) along with reports of nucleic acids co-purifying with recombinant N protein (Gott et al., 1993) suggest that, in the case of hantaviruses, formation of the RNP complex precedes the interaction between the N protein and CTs. Indeed, for both severe acute respiratory syndrome-related coronavirus and hepatitis C virus (a flavivirus), oligomerization of the N protein through packaging of the viral genome has been shown to be crucial for the interaction with the envelope protein(s) (He et al., 2004; Nakai et al., 2006) .
In a recent report , we described the spike of hantaviruses to be formed of a tetrameric Gn complex and the spikes to interconnect through Gc homodimers. Furthermore, the present results suggest by several approaches that the hantavirus Gn-Gc complex mediates RNP interaction. Thus, we were encouraged to propose a model for the initial steps in the assembly of hantaviruses, in which, similarly to alphaviruses (Barth & Garoff, 1997; Metsikko & Garoff, 1990; Overby et al., 2007b) , we suggest that both hetero-oligomeric complex formation and polyvalence of Gn and Gc are essential for the spike-RNP interaction. In the hantavirus assembly model (Fig. 7) , we consider, to begin with, that the interaction between the spike (Gn-Gc oligomer) and the RNP requires oligomerization of both components. The importance of Gn oligomerization is supported by our previous study in which we showed that Gn forms a homotetrameric complex, where four GnCTs come into very close proximity, possibly by assistance of transmembrane segments. The spike complex of TULV was recently studied by electron cryo-tomography (Huiskonen et al., 2010) , with results in accordance with the reported biochemical data of virion glycoprotein interactions .
Our model, depicted in Fig. 7 , describes two alternative routes for the formation of the spike complex. In the literature, both Gn and Gc are shown to be essential for proper folding of these proteins (Pensiero & Hay, 1992; Persson & Pettersson, 1991; Shi & Elliott, 2002; Spiropoulou, 2001) . The minimal interaction complex of Gn and Gc has, however, not been demonstrated. Thus, we suggest two alternative models to form the (Gn-Gc) 4 spike complex. In model (a), Gn proteins associate via homooligomerization to gradually form a tetrameric Gn complex. This would be supported by observations that the Gn protein of Uukuniemi virus is incorporated into the virions with more rapid kinetics than the Gc protein (Kuismanen, 1984) . In model (b), the heterodimeric Gn- Gc is formed directly after translation and oligomerizes with similar units to create the (Gn-Gc) 4 spike complex (as illustrated in step 4). Whatever the route to spike complex formation, we suggest that only after the formation of this complex would the Gn-CT become available to the RNP. Upon the formation of the final spike complex, the orientation of the four Gn-CTs would alter and bring Gc-CTs to the complex. This would then form a docking platform for the complementary surface created of N protein and viral RNA. After the attachment of RNP to the first spike, the budding of virions would be initiated via transient interactions between Gn-CTs and RNP. This would bring neighbouring spikes into close contact to enable the Gc homodimer-mediated interactions between spikes to stabilize.
METHODS
Cultivation, purification and lysates of PUUV. Vero E6 green monkey kidney epithelial cells (ATCC: 94 CRL-1586) were grown in Eagle's minimal essential medium supplemented with 10 % heatinactivated fetal bovine serum (Gibco), 2 mM L-glutamine (Sigma Aldrich), 100 IU penicillin ml 21 (Orion Pharma) and 100 mg streptomycin ml 21 (Fluka), at 37 uC in a humidified atmosphere containing 5 % CO 2 . PUUV Sotkamo strain infections and subsequent purification were done as described previously . To radiolabel the viral proteins, infected Vero E6 cell cultures were starved for 1 h at 37 uC in medium depleted of methionine and cysteine, and propagated with a 1 mCi (37 MBq) mixture of [ 35 S]cysteine and [ 35 S]methionine (Wallac Perkin-Elmer) for 3 days at 37 uC. Pelleted virus was suspended in TBS (50 mM Tris, 150 mM NaCl) or HBS (25 mM HEPES, 150 mM NaCl), stored as aliquots at 270 uC and lysed in 1 % Triton X-100 upon thawing.
Antibodies. PUUV-neutralizing bank vole mAbs 5A2 (Gn-specific) and 4G2 (Gc-specific), human mAb 1C9 (Gc-specific) and bank vole mAb 5E1 (N-specific) have been described previously (Lundkvist et al., 1991 (Lundkvist et al., , 1993 Lundkvist & Niklasson, 1992) and were kindly provided by Professor Å ke Lundkvist, Swedish Institute for Infectious Disease Control and Karolinska Institutet, Stockholm, Sweden. A crossreactive polyclonal serum, recognizing N proteins of a variety of hantaviruses, has also been described elsewhere (Vapalahti et al., 1995) .
Co-IP of PUUV Gn-Gc and RNP. Co-IP of RNP with Gn and Gc proteins from the radiolabelled and purified PUUV lysates in HBS was performed by adding 10 mg of either mAb 5A2 (Gn-specific), mAb 4G2 (Gc-specific) or mAb 5E1 (N-specific) to the lysate, followed by overnight incubation at 4 uC. The formed immunocomplexes were precipitated with 20 ml GammaBind G Sepharose (Amersham, GE Healthcare) by 1 h end-over-end shaking at room temperature (RT). The Sepharose-bound material was washed three times in HBS, boiled in Laemmli sample buffer for 5 min and separated by SDS-PAGE (10 % gel). The gels were dried and proteins were detected by autoradiography.
Co-IP from non-labelled PUUV lysate, precleared (in TBS supplemented with 0.5 % TX-100) with approximately 50 ml GammaBind G Sepharose beads for 1 h at RT, was done using beads preloaded with glycoprotein-specific mAbs 1C9, 4G2 and 5A2 (approx. 10 mg mAb : 30 ml Sepharose). The precleared lysate diluted with TBS to approximately 0.1 % TX-100 was aliquotted onto the mAb-preloaded beads, followed by overnight incubation at 4 uC in an end-over-end shaker. The controls were unloaded Sepharose and mAb-preloaded Sepharose without the virus lysate. Samples were washed thoroughly, eluted in Laemmli sample buffer by boiling for 5 min, separated by SDS-PAGE, transferred onto nitrocellulose and immunoblotted with the anti-2/3N serum.
Mapping of PUUV N protein-binding sites in CTs of Gn and Gc by SPOT peptide scanning. MultiPep (Intavis AG) was used for synthesis of SPOT peptide arrays by Fmoc chemistry according to the manufacturer's instructions. The Gn-CTs of four different hantavirus strains were synthesized on an amino-functionalized cellulose membrane (Frank, 2002) as 16-or 18-residue long overlapping peptides with a three-residue shift as described previously . The 18 carboxyl-terminal residues containing the predicted Gc-CT were synthesized from nine different hantavirus strains. Binding of PUUV bacN and RNP in the SPOT peptide assay was detected with N protein-specific mAb 5E1, following our previous description for interaction-site mapping using SPOT peptide arrays . After blocking [3 % skimmed milk in TBS plus 0.05 % Tween 20 (T-TBS)], the membrane was overlaid with 1 mg ml 21 (in T-TBS with 5 mg BSA ml
21
) of baculovirusexpressed PUUV bacN (a kind gift from Reagena Ltd, Finland), prepared as described previously , and reacted overnight at 4 uC. All SPOT peptide reactions were recorded on X-ray film (SuperRX; Fuji Medical) by enhanced chemiluminescence. Probing of the SPOT membrane with virus lysate followed our previous assay protocol and binding was detected by using mAb 5E1, as with PUUV bacN.
Peptide synthesis. N-terminally biotinylated Gn N , Gn M and Gn C peptides (sequences shown in Fig. 4b ) and Gc-CT (Biot-CPRRPSYKKDHKP-OH) were synthesized on a 25 mmol scale on a MultiPep synthesizer according to the manufacturer's protocol (Intavis AG) for standard Fmoc chemistry. Wang resin preloaded with C-terminal amino acid was used for Gn-derived peptides and preloaded 2-chlorotrityl chloride resin for the synthesis of Gc-CT, to prevent autocleavage by diketopiperazine formation. Double couplings were done by activating amino acids bearing standard sidechain-protecting groups (Novabiochem) in a 1 : 1 : 2 ratio of amino acid : O-(6-chlorobenzotriazol-1-yl)-N,N,N9,N9-tetramethyluronium hexafluorophosphate (HCTU) : 4-methylmorpholine in N,Ndimethylformamide (DMF). After coupling and subsequent DMF wash cycles, the unreacted peptide chains were acetylated (50 mM acetic anhydride, 130 mM N,N-di-isopropylethylamine in DMF). Fmoc deprotection after each amino acid addition was done twice with 25 % piperidine in DMF.
The Gn-CT peptide ( 526 Cys-Phe 638 in PUUV Gn; see Fig. 4b ) was synthesized on an Applied Biosystems peptide synthesizer 433A with Fmoc chemistry. HCTU in DMF at a 1 : 1 molar ratio to amino acid was used for the activation. Reaction times for deprotection and coupling were extended and triple coupling was performed for each amino acid addition at a 3 : 1 ratio of amino acid to resin. After each coupling, acetylation was used to block non-reacted amino groups.
The synthesis products of Gn N , Gn M , Gn C and Gc-CT peptides were dried on resin and cleaved for 2 h at RT in cleavage mix 1 [95 % trifluoroacetic acid (TFA), 2.5 % tri-isoprolylsilane, 2.5 % H 2 O] to remove the side-chain-protecting groups and to detach the peptide from the resin. The resin-dried Gn-CT peptide was cleaved twice for 3 h at RT in cleavage mix 2 (92.5 % TFA, 2.5 % thioanisole, 2.5 % ethanedithiol, 2.5 % H 2 O). The cleavage mixture containing the peptide and resin was filtered and the peptide was precipitated by adding 10 vols ice-cold tert-butyl methyl ether on ice. Precipitated peptide was washed once with ether, solubilized in water and lyophilized. Salt removal from peptides was done in a C18 reversedphase column (Supelco Discovery; Wide Pore) using a steep 0-70 % acetonitrile-H 2 O gradient in 0.1 % TFA, and by collecting the main peak. The fraction containing the peptide of interest was verified by mass spectrometry (MALDI-TOF; AutoFlex III, Bruker) for Gn N , Gn M , Gn C and Gc-CT. The Gn-CT peptide was analysed by Tris/ Tricine SDS-PAGE and by reactivity with polyclonal antiserum against glutathione S-transferase-fused TULV Gn-CT (result not shown).
Pull-down assays. The Gn-CT peptide was coupled to thiopropyl Sepharose 6B (Amersham Pharmacia) through free thiol groups in HBS according to the manufacturer's protocol. Residual reactive groups on peptide-coupled or control beads were reacted with reduced glutathione. Peptides Gn N , Gn M, Gn C and Gc-CT were coupled to monomeric avidin beads (Pierce Biotechnology) in HBS for 1 h at RT (2 mg peptides : 1 ml beads) and uncoupled peptides were washed out. The N protein of PUUV or TULV was expressed and labelled radioactively ([ 35 S]methionine; Wallac, Perkin-Elmer) in rabbit reticulolysates (TnT Quick; Promega) using plasmids harbouring the S segment under the T7 transcriptional promoter (Li et al., 2002; Vapalahti et al., 1996) . The RNPs of PUUV and TULV were purified by gel permeation from virions pelleted through a sucrose cushion as described recently . The recombinant N or RNP was incubated overnight with end-over-end shaking at 4 uC with 10 ml peptide-coupled or control beads in 500 ml HBS. Laemmli sample buffer was added to beads after three HBS washes, then samples were boiled for 5 min and separated by SDS-PAGE (10 % gel). The N protein was detected by either immunoblotting or autoradiography.
